The initial electron transfer steps in the photosynthetic reaction center of the purple bacterium Rhodobacter sphaeroides have been investigated by femtosecond timeresolved spectroscopy. The experimental data taken at various wavelengths demonstrate the existence of at least four intermediate states within the first nanosecond. The difference spectra of the intermediates and transient photodichroism data are fully consistent with a sequential four-step model of the primary electron transfer: Light absorption by the special pair P leads to the state P*. From the excited primary donor P*, the electron is transferred within 3.5 ± 0.4 ps to the accessory bacteriochlorophyll B. State P+B-decays with a time constant of 0.9 ± 0.3 ps passing the electron to the bacteriopheophytin H. Finally, the electron is transferred from H-to the quinone QA within 220 ± 40 ps. According to present knowledge, an electron is transferred upon light absorption from the P along branch A to the quinone QA (8) (9) (10) (11) (12) (13) 
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The reaction centers (RCs) of photosynthetic bacteria are membrane-bound pigment-protein complexes (for review, see ref. 1) . They mediate the conversion of light to photochemical energy through a sequence of directional electrontransfer steps across a membrane (2) . Crystal structure analysis of the RCs of Rhodopseudomonas (Rps.) viridis (3) (4) (5) and Rhodobacter (Rb.) sphaeroides (6, 7) has revealed the spatial arrangement of the prosthetic groups and their protein environment. The prosthetic groups are disposed as two branches (A and B) in an approximate C2 symmetry. Two bacteriochlorophyll molecules form the so-called "special pair" (P) centered around the pseudosymmetry axis. Starting at P, each branch continues with an accessory bacteriochlorophyll (BA or BB), a bacteriopheophytin (HA or HB), and a quinone (QA or QB). A nonheme iron atom resides approximately between the two quinones close to the symmetry axis.
According to present knowledge, an electron is transferred upon light absorption from the P along branch A to the quinone QA (8) (9) (10) (11) (12) (13) . The spatial arrangement of the chromophores suggests a stepwise electron transfer via the accessory bacteriochlorophyll BA and the bacteriopheophytin HA (hereafter termed B and H). In this way, the sequence of radical pairs, P+B-, P+H-, and P+Q-, would be created.l Surprisingly, publications based on femtosecond spectroscopy contradicted this straightforward interpretation. It was stated (14, 15 ) that the electron is directly transferred from the excited special pair (P*) to H and from there to the quinone QA. There was no generally accepted experimental evidence of an intermediate electron-carrying state B- (16) (17) (18) (19) (20) (21) (22) (23) . The postulated direct electron transfer from P to H imposed numerous difficulties on the theoretical description of the charge-transfer process (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) 
Materials and Experimental Techniques
RCs from two strains ofRb. sphaeroides, the wild-type strain (ATCC 17023) and the carotenoid-free strain (R 26.1), were isolated as described (39) . The measurements were performed at room temperature (297 K) in cuvettes with a 1-mm path length with stirring. The concentration of the samples was adjusted to OD8w values between 0.5 and 1.0 mm' A synchronously pumped unidirectional ring dye laser (42) generated pulses with a duration of 60 fs at a wavelength of 860 nm. The energy of single pulses was increased to 20 lJ by a three-stage dye amplifier (repetition rate, 10 Hz). Each of these pulses was split into two parts. (i) The excitation pulse was focused to a 0.5-mm spot providing an energy density of not more than 100 uJ/cm2 in the sample. In the probed volume, -7% of the RCs were excited per pulse. This low excitation density prevents double excitation of the RC and related nonlinear processes. The exciting pulse, centered at 860 nm, had a bandwidth of <15 nm (full width at half-maximum). No spectral components of the exciting pulse were detected at wavelengths of <840 nm. Thus only the lowest electronic level ofP at 860 nm was excited. ( ii) The probing pulse passed an adjustable delay line and was focused onto a 1-mm-thick jet of ethylene glycol to generate a femtosecond white-light pulse. A 10-to 20-nm-wide portion of this continuum was selected by means of a special dispersion compensating monochromator (43 The decay constants kj are the eigenvalues of the rate constant matrix Kij. The matrix Nij may be calculated from the eigenvectors of the rate constant matrix Kij and the starting population N,{0). N is the total density of RCs.
For weak excitation, the duration of the exciting and probing light pulses is taken into account by the instrumental response function R(t), which is the measured cross correlation of probing and exciting intensities. In this way, the exponentials in Eq. 2 are replaced by the functions Fjft). 00 Fj/t) = j dt'R(t -t')e-kit. [3] Finally, the absorbance change of a sample of thickness f detected at a delay time (tD) becomes Fig. 1 At a Apr of920 nm (Fig. la) , one sees a nearly instantaneous decrease of absorption due to the formation of the excited state P*. Induced emission (gain) from P* and depopulation of the ground state P contribute to the absorption decrease. The subsequent relaxation of the signal with a time constant of 3.5 ± 0.4 ps represents the decay of P*. At tD values of >10 ps, the absorption again slightly decreases due to the formation of the long-lived final photoproduct P+Q-, which absorbs less than the initial ground state. The three-component model (broken curve) readily describes the observed absorption changes at this Apr of 920 nm.
At a Apr of 785 nm, enhanced absorption is observed throughout the entire time range (Fig. lb) . The absorption rapidly increases around time zero to a maximum followed by a decrease with a time constant of 0.9 ± 0.3 ps between 0.2 and 2 ps. At later delay times, the absorption increases again with two different time constants of :3.5 ps and 220 ps. In contrast to the measurements at a Apr of 920 nm (Fig. la) , the three-component model (broken curve) cannot describe the observed absorption changes at a Apr of 785 nm. A fourth kinetic component with a decay time of 0.9 ps is required for a satisfactory fit of the data (solid curve in Fig. lb) . The necessity of the fourth kinetic component is also clearly seen at other Apr values of 545 nm (Fig. ic) , 665 nm (see Fig. 3 , solid circles), and 775 nm (data not shown).
At a Apr of 545 nm, the absorption rises as a result of the formation of P* to a broad maximum (Fig. lc) . The At Apr values of 665 nm (Fig. 3 ) and 753 nm (data not shown), the transient absorption changes were investigated for parallel and perpendicular polarizations of probing and exciting pulses. A pronounced dichroism is induced by the exciting light pulses at both wavelengths. 
Discussion
The experimental data strongly suggest the existence of the four time constants 0.9 ps, 3.5 ps, 220 ps, and oo with the amplitude spectra of Fig. 2 (11, 18, 20, (47) (48) (49) . As a consequence the difference spectra for these three states can be calculated from the data ofFig. 2. The determination of the difference spectrum of the second intermediate requires the assumption of a specific model for the primary reaction. The structure of the RC suggests a stepwise electron transfer along the chromophores: P* is reflected by optical gain, which decays with a time constant of 3.5 ps. Consequently, the 3.5-ps component may be linked to the first step in the sequence, and the shorter, the 0.9-ps kinetic, is the second step. By using this order of intermediates, the difference cross-section spectra of the states I1-I4 were calculated (Fig. 4a) . These spectra are difference spectra of the intermediates Ij and the ground state. They should not be mixed up with common experimental transient spectra, which reflect the mixture of the various intermediates being populated at any chosen tD value. The data shown in Fig. 4a [P*, (ao-o-0), Fig. 4a ] strongly deviates from the other difference spectra. Due to stimulated emission (gain) of P*, the absorption decrease at Apr values >830 nm is larger and extends further to the infrared. Between 750 and 830 nm, a strong absorption increase peaking at 800 nm is observed, which is caused by strong absorption of the excited state P*. Of special interest is the difference spectrum of the intermediate 12 with a decay time of 0.9 ps. It shows the same absorption decrease in the P band at 860 nm as the intermediates 13 and I4, emphasizing that intermediate I2 also contains an oxidized P'. The absorption decrease at 805 nm is stronger than that of 13 and 14 by >50%. The band is broadened toward shorter wavelengths. In contrast to the spectra of intermediates 13 and I4, there is no dispersive shape in the range of the Qy band of the accessory B around 800 nm.
Instead, the spectrum indicates a partial bleach of the monomeric B band. Between 700 and 500 nm, where B-and Habsorb strongly, a rather intense absorption increase occurs, which around 665 nm is nearly three times larger than in the intermediate I3 (P+H-). The minimum around 600 nm reflects the disappearance of a bacteriochlorophyll Qx absorption.
These spectral features support the hypothesis that intermediate 12 contains a reduced monomeric B molecule.
The above interpretation is strongly supported by the time-resolved dichroism data at 665 nm (Fig. 3 Proc. Natl. Acad. Sci. USA 87 (1990) have shown that the 660-nm bands of bacteriochlorophyll a and of bacteriopheophytin a anion radicals (51, 52) superexchange mechanism (fraction q). However, the photodichroism data restrict the value of q to <0.5.
(ii) A model with two excited states, P* and P*, with relaxation times of 0.9 and 3.5 ps, respectively. At present there is no support for the existence of two excited electronic states of P.
In conclusion, femtosecond spectroscopy on the RCs of Rb. sphaeroides demonstrates that at least four time constants are related to the primary electron transfer during the first nanosecond. The experimental data-time-dependent absorption changes, difference spectra of the intermediates, and photodichroism-are in full agreement with the model of a stepwise electron transfer suggested by the chromophore arrangement: After excitation of the P, an electron is transferred to the accessory B within 3.5 ps. Here the electron resides for 0.9 ps before it is transferred to the H. With a time constant of 220 ± 40 ps, it finally arrives at the quinone QA.
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